3,3'-Thiodipropionic acid (TDP) is used as an additive in food and cosmetic industry and as precursor substrate for biotechnical polythioester production. Its catabolism was investigated in Variovorax paradoxus TBEA6 previous to this study. It was reported that the insertion of the transposon Tn5::mob into a gene showing high homology to flavin-dependent oxidoreductases (fox) resulted in impaired growth with TDP. Therefore, it was assumed that the initial cleavage of TDP is catalyzed by an FAD-dependent oxidoreductase (Fox, VPARA 05580). Accordingly, fox was heterologously expressed as a thioredoxin fusion protein. Analytical size exclusion chromatography revealed a homodimeric structure and the presence of the cofactor FAD. In vitro experiments showed that Fox TBEA6 is a D-2-hydroxy acid specific dehydrogenase and that its activity is enhanced in presence of either Ni 2+ , Co 2+ or Zn 2+ . Cleavage of TDP by Fox TBEA6 was not observed. The findings are contrary to restricted growth with TDP of the transposon mutants and the previously published deletion mutant V. paradoxus TBEA6 fox. In this study, this contradiction was investigated by generation of additional deletion mutants, in which partial or complete deletion of fox did not affect utilization of TDP, and the mapping of single nucleotide polymorphisms (SNPs) in V. paradoxus TBEA6 fox.
INTRODUCTION
Variovorax paradoxus strain TBEA6 was isolated because it can utilize the thioester 3,3 -thiodipropionic acid (TDP) as sole source of carbon (Bruland, Wübbeler and Steinbüchel 2009; Satola, Wübbeler and Steinbüchel 2013) . TDP was shown to be a precursor for the production of polythioesters (Lütke-Eversloh and Steinbüchel 2003) . Cleavage of TDP provides one molecule of 3MP, which can be used as a building block in polymer formation (Lütke-Eversloh et al. 2001) . In order to enable and optimize the production of the homopolymer poly(3MP) using TDP as a precursor, it is necessary to understand the catabolism of this compound. A putative pathway for TDP degradation was proposed ( Bruland, Wübbeler and Steinbüchel (2009) . Fox, FAD-dependent oxidoreductase; Mdo, Mercaptopropionic acid; SucCD, Succinyl-CoA Synthetase; Acd: Desulfinase. mutants using the transposon Tn5::mob (Bruland, Wübbeler and Steinbüchel 2009) .
It was postulated that the initial cleavage of TDP is mediated by an enzyme annotated as FAD-dependent oxidoreductase (VPARA 05580, Fox). The cleavage products of TDP, 3MP and 3-hydroxypropionic acid are then further metabolized, whereby 3-hydroxypropionic acid enters the central metabolism as 3-hydroxypropionyl-CoA. So far, Fox TBEA6 is the most promising candidate protein for cleavage of TDP. Previous studies showed that three independent insertions of the transposon Tn5::mob in fox resulted in restricted growth with TDP (Bruland, Wübbeler and Steinbüchel 2009; Wübbeler et al. 2015) . Furthermore, a precise deletion mutant of fox (V. paradoxus TBEA6 fox) was generated, which was also not able to utilize TDP as sole carbon source. The identification of the Pfam domains pfam01565 and pfam02913 in the amino acid sequence, both representing FADbinding domains, leads to the assumption that Fox represents an FAD-dependent oxidoreductase (Wübbeler et al. 2015; Finn et al. 2016) . Some flavin-dependent oxidoreductases have been shown to oxidize sulfur compounds, supporting this assumption (Fraaije et al. 2000; Digits et al. 2002; Geueke and Hummel 2002) .
In this study, we describe the role of Fox in V. paradoxus TBEA6. Further investigations on the phenotype of the previously generated deletion mutant V. paradoxus fox (Wübbeler et al. 2015) were performed. Additionally, heterologous expression of fox allowed the determination of its enzymatic activity and revealed a dehydrogenase function of this enzyme.
MATERIAL AND METHODS

Chemicals
Chemicals were purchased from Sigma-Aldrich (Steinheim, Germany). 3SP was synthesized according to Jollès-Bergeret (Jollès-Bergeret 1974) ; the procedure was modified by one repetition of the step for alkaline cleavage of the intermediate bis-(2-carboxyethyl)sulfone (Wübbeler et al. 2008) .
Growth conditions
Cells of V. paradoxus strains (Table 1) were cultivated aerobically at 30
• C (Schlegel, Kaltwasser and Gottschalk 1961) in nutrient broth (Sambrook, Fritsch and Maniatis 1998) (Table 1) were cultivated in Lysogenic Broth (LB) medium at 30
• C or 37
• C in baffled flasks on a rotary shaker at 130 rpm. Cloning procedures and plasmid propagation were carried out in E. coli Top10. Escherichia coli S17-1 was used as the donor during conjugation. Escherichia coli Bl21 pLysS (DE3) was used for heterologous expression of fox. Antibiotics were added at the following concentrations: ampicillin (Ap) 75 μg/ml in agar plates or 150 μg/ml in expression cultures of E. coli, kanamycin (Km) 50 μg/ml and tetracycline (Tc) 12.5 μg/ml.
Isolation, manipulation and transfer of DNA
Chromosomal DNA of V. paradoxus strain TBEA6 was isolated according to the method of Marmur (Marmur 1961) . Plasmid DNA was isolated from E. coli using the GeneJET plasmid miniprep kit (Fermentas, St. Leon-Rot, Germany). Amplification of DNA fragments was achieved via PCR using Taq or Phusion High Fidelity DNA polymerase (Thermo Scientific, Waltham, MA, USA) and primers synthesized by MWG Biotech (Ebersberg, Germany) in an Omnigene HBTR3CM DNA cycler (Hybaid, Heidelberg, Germany). Isolation and purification of amplified DNA were performed using the peqGOLD gel extraction kit (PEQlab, Biotechnologie GmbH, Erlangen, Germany). Competent cells of E. coli strains were prepared and transformed using the CaCl 2 procedure as described by Sambrook, Fritsch and Maniatis (1998) . Transmission of plasmid DNA from E. coli to V. paradoxus was achieved via conjugation (Friedrich, Hogrefe and Schlegel 1981) .
Reverse transcription PCR
Total RNA was isolated from cell pellets using the innuPREP RNA Mini Kit (Analytik Jena AG, Jena, Germany). The One Step RT-PCR Bachmann (1996) . Ap R , ampicillin resistance; Tc R , tetracycline resistance.
Kit (Qiagen, Hilden, Germany) was used for reverse transcription PCR (RT-PCR) following the manufacturer's instructions and using primers listed in Table S1 , Supporting Information. DNA contamination was excluded by performing PCR with RNA template without the reverse transcription reaction.
Sequencing of DNA fragments and sequence data analysis
Sequencing of DNA fragments was performed according to standard procedures at the Sequence Laboratories Göttingen GmbH (Göttingen, Germany). The Bioedit software was used for multiple sequence alignments (Hall 1999) . Prediction of molecular weight of heterologously expressed Fox TBEA6 was performed using ExPASy ProtParam (Gasteiger et al. 2005) .
Cloning of Fox TBEA6
Fox TBEA6 was amplified from genomic DNA of V. paradoxus strain TBEA6 by PCR using Phusion high-fidelity DNA polymerase (Thermo Scientific, Waltham, MA, USA) and the following oligonucleotides: FoxTBEA6rev stopp and FoxTBEA6 EcoRI (Table S1 , Supporting Information). The PCR product was isolated from an agarose gel and after restriction with XhoI and EcoRI ligated with a modified pET-32a(+) expression vector (Merck, Darmstadt, Germany). Additionally, to the thioredoxintag, the pET-32a(+) had an introduced tobacco etch virus (TEV) cleavage site fused to a His-tag, which allowed the cleavage of the tag from the fusion protein. Ligation products were used for transformation of CaCl 2 competent cells of E. coli Top10. After selection of transformants, the hybrid plasmids were isolated, analyzed by sequencing and used for transformation of CaCl 2 competent cells of E. coli BL21 (DE3) pLysS (Studier and Moffatt 1986) .
Construction of gene deletion suicide plasmids
DNA fragments upstream and downstream of the targeted sequence were amplified with Phusion high-fidelity polymerase (Thermo Scientific, Waltham, MA, USA) using the oligonucleotides listed in Table S1 , Supporting Information. The obtained fragments were digested with EcoRI or XhoI (Thermo Scientific, Waltham, MA, USA), respectively, and afterward ligated to the suicide vector pJQ200mp18Tc (Quandt and Hynes 1993; Pötter, Müller and Steinbüchel 2005) .
Gene deletion using the sacB system
Deletion of partial or complete genes was accomplished by adaption of standard protocols (Quandt and Hynes 1993; Pötter, Müller and Steinbüchel 2005) . Escherichia coli S17-1 was transformed with the suicide plasmid pJQ200mp18Tc, containing the flanking regions of the respective target gene (Table 1) , to subsequently transfer these plasmids into V. paradoxus TBEA6 via the spot agar mating technique (Friedrich, Hogrefe and Schlegel 1981) . The mutants were identified on nutrient broth agar plates containing 15% (wt/vol) saccharose, and on MSM agar plates containing 20 mM succinate as carbon source and supplemented with 12.5 μg/ml tetracycline. Correct deletions were verified via PCR (for primers see Table S1 , Supporting Information).
Genome sequencing and single nucleotide polymorphism analysis
Illumina paired-end sequencing libraries were generated from the extracted DNA of mutants according to the protocol of the manufacturer (Illumina, San Diego, CA, USA). Sequencing was performed using a MiSeq instrument and the MiSeq reagent kit version 3, as recommended by the manufacturer (Illumina) and resulted in 3,322,772 paired-end reads. Quality filtering using Trimmomatic version 0.36 (Bolger, Lohse and Usadel 2014) resulted in 3,215,192 reads. Bowtie2 (Langmead and Salzberg 2012) and SAMtools (Li 2011) were used to map the trimmed reads on the reference genome (CP001666.1). Variant calling was performed using VarScan v2.3.9 (Koboldt et al. 2012) with the pileup2snp option.
Expression and purification of Fox TBEA6
Cultures of 50 or 100 ml LB medium containing 150 μg/ml ampicillin and 34 μg/ml chloramphenicol were inoculated with freshly transformed cells of E. coli BL21 DE3 pLysS harboring pET32aHHT::fox TBEA6 from an overnight culture. Cells were cultivated at 30
• C until OD 600 = 0.4-0.6. After induction with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), cells were cultivated at 30
• C for additional 5-6 h. Subsequently, cells
were harvested (15-20 min, 4
• C and 3400× g), washed twice with sterile saline and stored at -20 • C until usage. For purification of histidine-tagged fusion proteins, the buffers were prepared as recommended by the manufacturer of the His Spin Trap affinity columns; only the NaCl content was lowered because otherwise the FAD bound to the protein was lost (GE Healthcare, Uppsala, Sweden). Cells were suspended in binding buffer (50 mM Tris-HCl, 50 mM sodium chloride, 20 mM imidazole, pH 7.4) and afterward disrupted by a 3-fold passage through a French press (100 × 10 6 Pa). Soluble protein fractions of crude extracts were obtained in the supernatants after 1 h centrifugation at 100 000× g and 4
• C. Protein concentrations were determined according to Bradford (1976) . Untagged protein was obtained when 5 mg Fox was firstly diluted by a factor of 1:10 with TEV buffer and immobilized on a Ni-NTA column. Afterwards, 50 μg TEV protease was added to the mixture. After incubation at 4
• C for 1 h, the native Fox TBEA6 was eluted, while the TEV protease and the His-tag remained at the column.
Immobilized metal-chelate affinity chromatography
For large-scale purifications of Fox TBEA6 , 1 ml HisTrap HP affinity columns (GE Healthcare, Uppsala, Sweden) were applied. The columns were equilibrated with 5 volumes of 100 mM Tris-HCl buffer (pH 7.4, 20 mM imidazole, 50 mM NaCl). Two washing steps with the same buffer containing 100 and 150 mM imidazole, respectively, were performed before elution was done with 200 mM imidazole. Elution fractions containing the yellow Fox TBEA6 were immediately diluted with lysis buffer (20 mM imidazole) to reduce the final imidazole concentration below 100 mM as Fox TBEA6 precipitated within 1-2 h at imidazole concentrations higher than 200 mM. Purified enzyme was concentrated applying Vivaspin 6 or Vivaspin 20 concentrators (GE Healthcare, Uppsala, Sweden). Samples were subsequently mixed with glycerol to achieve a final concentration of 50% vol/vol glycerol. The protein solution was stored at −20 • C.
Analytical size-exclusion chromatography
The molecular weight of Fox TBEA6 was determined by analytical size-exclusion chromatography (SEC) using a Superdex 200 HP 16/600 column (GE Healthcare, Uppsala, Sweden) operated at a flow rate of 1 ml/min. The column was equilibrated with 50 mM Tris/HCl buffer, pH 7.4, containing 150 mM sodium chloride. Calibration was performed applying chymotrypsinogen A (25 kDa), 
Determination of the FAD content
The cofactor of Fox was analyzed by high-performance liquid chromatography-electrospray ionization mass spectrometry (HPLC-ESI-MS). For sample preparation, 1.5 ml water containing 1.5 mg Fox were heated to 96
• C for 15 min. The denatured protein was separated from the supernatant by centrifugation (20 min, 21 000× g). The supernatant was diluted by addition of water (1:1). Afterwards, 100 μl of the solution was filtrated and analyzed by HPLC-ESI-MS as described before (Schürmann et al. 2013a) .
Determination of the substrate spectrum of Fox TBEA6
The substrate spectrum of Fox TBEA6 was qualitatively tested in a microtiter format in the Tecan GENios microplate reader (MTX Lab Systems, FL, USA) or in a spectrophotometer (V-750 UVvis/NIR Spectrometer, JASCO Labor und Datentechnik GmbH, Gross-Umstadt, Germany) at 30
• C. Untagged Fox TBEA6 (34 μg) was used in a coupled enzyme assay applying phenazine methosulfate (PMS) and 2,6-dichlorophenolindophenol (DCPIP) for electron transfer. The reaction mixture contained 50 mM Tris/HCl buffer pH 7.4 with 27 μM PMS, 6.7 μM DCPIP in a final volume of 200 μl. The reaction was started by addition of putative substrate solutions (5 mM) in 50 mM Tris/HCl buffer pH 7.4 and followed by the decrease in absorption at 600 nm (ε = 21 cm
Miyazawa and Hashimoto 1981).
Thermofluorescence assay
The thermofluorescence assay was performed according to a method described before (Forneris et al. 2009 ). Ten microliter of a solution with untagged Fox TBEA6 (protein concentration 2.7 μg/μl) and 10 μl of a double concentrated buffer were directly mixed in 48-well RT-PCR plates (MicroAmp R Fast Optical 48-well reaction plates, Life Technologies GmbH, Darmstadt, Germany) which were sealed with MicroAmp 48-well Optical Adhesive Film plate sealers (Life Technologies GmbH). Measurements were performed using a StepOne RT-PCR cycler (Applied Biosystems, Foster City, CA, USA) with an excitation wavelength range between 470 and 500 nm and a SYBR Green fluorescence emission filter (523-543 nm). After an initial equilibration at 30 • C for 2 min, the temperature was increased to 85
For Tm determination, the increase in absorption was plotted against the temperature. The highest fluorescence was normalized to 1 and the lowest to 0. Tm was determined (n = 3) as the value at which 50% of the maximum fluorescence was observed.
Accession numbers
The amino acid sequence of Fox TBEA6 is available via Genbank accession number ACB72252.1.
RESULTS AND DISCUSSION
Expression of Fox TBEA6
Fox was obtained as thioredoxin fusion protein with a molecular mass of 69.79 kDa in a homodimeric structure as determined by SEC (theoretical mass of Fox TBEA6 homodimer, 158 kDa; determined mass of Fox TBEA6 139.6 kDa). The used expression system allowed the cleavage of the thioredoxin tag from the fusion protein for preparation of untagged Fox TBEA6 (50.74 kDa, Fig. S1 , Supporting Information). Fox TBEA6 appeared in a yellow color indicating the presence of a flavin. Supernatant of the denatured protein was analyzed by HPLC-ESI-MS. Thereby, a single peak showing absorbance at 455 nm was detected (Fig. S2, Supporting Information) . FAD was detected in the isolated substance showing the characteristic absorption spectrum of FAD and m/z 786 (corresponding to positively charged FAD) in the mass spectrum (Fig. S3 , Supporting Information). Flavin mononucleotide (m/z 456) or riboflavin (m/z 377) was not detectable.
Enzyme assays applying heterologously expressed and purified Fox TBEA6
In a study of Bruland and colleagues, fox was annotated as FAD-linked oxidoreductase (Bruland, Wübbeler and Steinbüchel 2009) , which was supported by the identification of two oxidoreductase-specific domains (pfam01565, pfam02913) (Wübbeler et al. 2015) . Several attempts to show the cleavage of TDP by Fox via HPLC analysis or spectrometric methods failed. Thereby, crude extracts from cells of V. paradoxus TBEA6 or recombinant Fox TBEA6 (fusion protein and untagged protein) in different concentrations, buffers, pH values, protein concentrations and presence of cofactors were used (not shown). No reaction or emerging products were detectable under the applied conditions.
In silico analyses via blast search (Altschul et al. 1997 ) with biochemically characterized proteins revealed analogy of Fox TBEA6 to another homodimer-forming protein with a predicted FADbinding site and an oxidoreductase-specific domain, which was identified in Arabidopsis thaliana (Engqvist et al. 2009 ). The protein was shown to catalyze the oxidation of D-2-hydroxyglutaric acid, D-lactate and D-2-hydroxybutyric acid and shares 39% identical and 58% similar amino acids with the sequence of Fox TBEA6 .
Furthermore, the amino acid sequence of Fox is assigned to COG0277 in the publicly available database of Clusters of Orthologous Groups of proteins (Tatusov et al. 2000) , representing FAD/FMN-containing dehydrogenases. Taking into account these indications, it was assumed that Fox TBEA6 might act as a dehydrogenase.
Substrates of Fox TBEA6
A variety of putative substrates were applied to determine the substrate range of Fox TBEA6 . The 25 tested substrates were mainly α-hydroxy acids according to the known substrates of other homologous enzymes, but also other substrates carrying one or even more hydroxy groups were applied (Fig. S4 , Supporting Information).
The thioredoxin fusion protein, as well as the untagged FoxTBEA6, showed activity to known substrates of D-hydroxy acid dehydrogenases, D-lactic acid, D-hydroxyglutaric acid (Fig. S4, Supporting Information) , D-2-hydroxybutyric acid and, additionally, towards D/L-2-hydroxyhexanoic acid and D/L-2-hydroxyoctanoic acid (Fig. 2) . Only racemic mixtures were commercially available for the latter two compounds. However, no activity was observed for L-lactic acid and L-hydroxyglutaric acid or for any other of the applied L-enantiomers. The specific activities of the untagged Fox TBEA6 from qualitative enzyme assays were calculated and are summarized in Table 2 .
Effect of metal ions
Metal ions like Ni 2+ or Zn 2+ were shown to enhance the activity of a D-2-hydroxyglutarate dehydrogenase from rat liver (Achouri et al. 2004) , or the D-lactate dehydrogenase from Archaeoglobus fulgidus (Reed and Hartzell 1999) . A variety of metal ions were tested with regard to their effect on Fox TBEA6 in a thermal shift assay. Thereby, a stabilizing effect of metal ions was observed in an increased melting temperature of the protein when Zn 2+ , Ni 2+ or Co 2+ were added. This indicates that the activity of the identified D-2-hydroxy acid dehydrogenase is enhanced by Zn 2+ , Ni 2+ and Co 2+ , which was also observed in a qualitative enzyme assay (Fig. S6 , Supporting Information) in which the reaction was accelerated in the presence of ions.
Analysis of V. paradoxus TBEA6 fox
The catalytic activity of Fox on D-2-hydroxy acids is in contrast with the phenotype of the deletion mutant V. paradoxus TBEA6 fox earlier described by Wübbeler et al. (2015) . The study found that the precise deletion of fox led to restricted growth of the mutant with TDP as sole carbon source consisting of an earlier publication of three transposon-induced mutants with the insertion of Tn5::mob in fox, which did also not grow with TDP. The expression of fox and adjacently located genes during growth of V. paradoxus TBEA6 with succinic acid and TDP was determined via RT-PCR. Transcripts were present under both conditions indicating a constitutive expression of these genes (Fig.  S7, Supporting Information) , which makes it difficult to predict an involvement of fox in the TDP catabolism based on the presence of its transcript. Interestingly, the insertions of the transposon were identified in the 3' terminal region of fox (Wübbeler et al. 2015) . A putative promoter was determined in this region by in silico analysis. A disruption by Tn5::mob or deletion of the promoter sequence (by deletion of fox) could interfere with the transcription of downstream located genes, particularly the 3-mercaptopropionate dioxygenase (Mdo), a key enzyme of TDP degradation (Bruland, Wübbeler and Steinbüchel 2009) . To investigate if the absence of the promoter in the 3 region of fox evokes the restricted growth of V. paradoxus TBEA6 fox, the sequences encoding the first 239 or the last 235 amino acids of the protein, respectively, were deleted. It was expected that at least one of the mutants would lack the ability to use TDP for growth; however, the obtained mutants V. paradoxus fox aa 1-239 and V. paradoxus fox aa 239-474 were still able to grow with TDP as sole source of energy (Fig. 3B) . This is in contrast with the growth behavior of the previously described precise deletion mutant V. paradoxus TBEA6 fox published by Wübbeler et al. (2015) . Additionally, only V. paradoxus TBEA6 fox showed restricted growth when 3SP, an intermediate of TDP catabolism, was provided as sole source of carbon (Fig. 3C) . The degradation of 3SP in V. paradoxus TBEA6 is completely understood. 3SP is activated to 3SP-CoA by a succinyl-CoA ligase (SucCD; Schürmann et al. 2011) or a 3SP CoAtransferase (Act; Schürmann et al. 2013b) . Then, the desulfinase AcdA catalyzes the cleavage reaction of sulfite from the 3SP-CoA, whereby propionyl-CoA is formed (Schürmann et al. 2013a ). The latter is processed in the central metabolism. Assuming that Fox would be catalyzing the initial cleavage of TDP, the restricted growth of V. paradoxus TBEA6 fox with 3SP is contradictive.
For this reason, a new precise deletion of fox was generated, applying the same protocol as described earlier by Wübbeler et al. (2015) , and yielding mutant V. paradoxus fox-1. The genotypes of the mutants V. paradoxus TBEA6 fox and the V. paradoxus fox-1 with regard to the deletion of fox were identical and were verified by sequencing. However, the phenotype was different. The growth of V. paradoxus fox-1 mutant was monitored in comparison to the wildtype, and again, no alteration regarding growth with TDP was detectable (Fig. 3B ).
Sequencing and analysis of single nucleotide polymorphisms of V. paradoxus TBEA6 fox (Wübbeler et al. 2015)
The phenotype of the mutant V. paradoxus TBEA6 fox raised the question if another problem, next to the lack of fox, could be the reason for the altered growth behavior. A study of Pehl et al. in 2012 described that complementation of disruption mutants in V. paradoxus EPS was also not always possible, even though functional transcripts of the respective genes were present in the mutants (Pehl et al. 2012) . Complementation experiments of the deletion mutant applying hybrid plasmids of the broad host vector pBBR1MCS-3 (Kovach et al. 1995) were not successful, although a functional transcript of fox was detected in V. paradoxus TBEA6 fox pBBR1MCS-3::fox (Fig. S8 , Supporting Information). One explanation for this observation could be the existence of a second hitherto not detected mutation. In this case, complementation of the V. paradoxus TBEA6 fox mutant by the fox gene may not be achievable. Therefore, another approach aiming at the analysis of single nucleotide polymorphisms (SNPs) was chosen. For this purpose, Illumina sequencing of the V. paradoxus TBEA6 fox (Wübbeler et al. 2015) genome was performed.
Ten SNPs were identified in the genome of V. paradoxus TBEA6 fox in comparison to the wild-type genome. Only four of them led to changed amino acid sequences as shown in Table 3 . It should be considered that only the draft genome consisting of 111 contigs is available for this strain (Wübbeler et al. 2015) , and it could not be fully excluded that additional SNPs remain unidentified if they occur in parts of the still unknown sequence.
The SNPs causing changes in the amino acid sequence were identified in genes encoding a putative deoxyribonuclease, a deoxyribodipyrimidine photo-lyase, a DNA polymerase III subunit beta and a glyoxalase/bleomycin resistance protein which belongs to the dioxygenase superfamily. There is no direct indication that one of the identified SNPs, or more precisely, a nonfunctional protein synthesized by translation of the affected genes could be linked to the TDP or 3SP catabolism. Furthermore, growth of the mutant on succinic acid (Fig. 3A) is not influenced by these SNPs, and a general decrease in growth of the mutant was not observed. Therefore, it remains unclear why this mutant lost the ability to consume TDP and 3SP. 
CONCLUSIONS
In summary, it could not be confirmed that Fox TBEA6 catalyzes the initial cleavage during TDP catabolism in V. paradoxus strain TBEA6, although this was indicated by many of the initial data (Bruland, Wübbeler and Steinbüchel 2009) . Fox TBEA6 is a D-2-hydroxy acid dehydrogenase, specific for D-hydroxy acids and is not involved in the TDP cleavage reaction. With the activity of Fox TBEA6 towards 2-hydroxyhexanoic acid and 2-hydroxyoctanoic acid, two new substrates for this class of enzymes were identified. Most importantly, new deletions of parts or of the complete gene encoding Fox TBEA6 gene could not verify the initially observed phenotype as described in a previous study (Wübbeler et al. 2015) but showed that deletion of fox did not affect the growth of V. paradoxus TBEA6 with TDP. Therefore, the previously observed phenotype could not be related to the proposed cleavage reaction of TDP. Unfortunately, SNP analysis of V. paradoxus TBEA6 fox did not provide a satisfactory explanation for the restricted growth of this mutant with TDP as sole source of carbon.
The search for the enzyme that catalyzes the initial cleaving step in TDP utilization continues. Further experiments applying a comparative proteomic approach are in progress.
